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ABSTRACT 
This thesis is concerned with a combined experimental and numerical investigation of 
the thermal and mechanical response of a plain woven textile composite material. In order 
to experimentally investigate the thermo-mechanical behavior of the textile composite, 
panels are first made using the vacuum assisted resign transfer molding (VARTM) process. 
Then, specimens are cut from the panels according to the ASTM standard. Tensile tests are 
performed on the specimens at various temperatures with the directions of fiber tows 
aligned at 0 and 45 degrees with respect to the loading direction, respectively. Digital 
image correlation (DIC) technique is employed to obtain real-time full-field strain and 
deformation data. From the stress-strain data obtained at room temperature, basic 
mechanical properties of the textile composite such as stiffnesses and strengths are 
identified. Different failure modes are observed when the fiber tows are aligned with the 
loading direction and they are oriented at 45 degrees. It is imparted, from the tests results 
with different ranges of temperature, that the thermo-mechanical behavior of the composite 
is greatly influenced by the thermal degradation of the matrix material.  
Numerical analysis is also performed using a finite element-based representative 
volume element (RVE) model to have an in-depth understanding of the thermo-mechanical 
behavior of the composite material. Optical images are taken at various sections and 
geometrical data of in situ fabric architecture in the composite are extensively measured to 
create the RVE model. Matrix properties are also measured per ASTM standard at various 
temperatures and it is found that the matrix exhibits strong nonlinear stress-strain response 
and its mechanical properties are degraded as the temperature increases. Special 
homogenization technique for fiber tows are employed in order to account for 
directionally-dependent non-linearities of the tows. In the RVE model, fiber tows are 
considered as a nonlinear transversely isotropic continuum. Mechanical behavior of the 
fiber tows in the direction transverse to the fibers is greatly influenced by the matrix 
material but the property in the fiber direction is mostly determined by the strong fibers. 
Periodic boundary conditions are applied to the RVE model to apply tensile and shear 
loading to the textile composite model. Using thermally degraded matrix properties, 
thermo-mechanical response of the plain woven textile composite material are obtained 
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from finite element analysis (FEA) and the results agree very well with the experimental 
data. Different stresses and strain distributions on the fiber tows and matrix under tensile 
and shear loading cases are also be obtained and regions where stresses are significantly 
accumulated or mechanical performances are weakened are identified.  
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CHAPTER 1: Introduction 
1.1. Introduction 
Textile composites have several advantages over conventional unidirectionally 
continuous fiber reinforced composite: 
• Excellent mechanical properties in both directions 
• Balanced in-plane material properties 
• Near-net shape and low manufacturing cost 
Owing to these advantages, textile composites are gaining more and more attention in 
various industrial sectors that are interested in lightweight structures. 
Textile composites are typically composed of a fabric as a reinforcement and a polymer 
material as a matrix. The fabric has various weave patterns as shown in Figure 1-1. 
Traditional weave patterns include a plain weave, twill weave and satin weave fabric. In 
the present study, the plain weave fabric is considered. In the plain weave fabric, a weft 
tow is woven around whenever it meets with a warp tow. Due to the short weaving period, 
the plain weave fabric offers a stable configuration than other weave patterns. However, 
the short weaving period results in too many undulations in tows, which degrades 
mechanical properties of plain weave textile composite. Polymer epoxy used for a matrix 
is a thermoset resin. It is solidified during a curing process in which monomers form cross-
linked chains.  
 
Figure 1-1: Various types of a weave pattern 
Textile composites exhibits highly nonlinear behavior under certain loading conditions 
due to the complex fabric architecture and the elasto-plastic epoxy material. Many 
researches have been performed to study the nonlinearities of the textile composites using 
the numerical model. Most of the studies are based on the classical laminated plate theory 
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[1] to understand the mechanical response of the textile composites [2–10]. Ishikawa and 
Chou [4–6] developed analytical models considering the configuration of a weave fabric; 
the mosaic model, the crimp model, and the bridging model. The mosaic model was 
simplified by ignoring the fiber undulation and continuity. On the other hand, the crimp 
model was considered fiber undulation, but it was too idealized such that there exists not 
gaps between warp and weft tows. Raju and Wang performed an analysis using a repeated 
unit cell (RUC) accounting for tow undulations [12]. Naik and Shemberkar used section 
images taken using a scanning electron microscope (SEM) to model fabric architecture and 
computed elastic properties of textile composites [13–15]. Dvorak and Bahei-Ei-Din 
developed analytical models considering plasticity of polymer matrix to describe the 
nonlinear behavior of unidirectional composites and laminated composites [41]–[42]. Sun 
et al. utilized J2 flow theory to perform nonlinear behavior, and modeled the fiber as elastic 
material and matrix as elasto-plastic material in the model [43]–[44].  Kumosa et. al. [16, 
17] modeled an 8-harness satin (8HS) textile composite based on real measurements. They 
simulated nonlinear behavior of the 8HS textile composite using a bi-linear approximation 
that simply linearizes elastic and plastic regimes, respectively. The simulated results were 
compared against experimental data obtained from off-axis tension tests.  
A number of studies have also been performed to analyze mechanical behavior of 
textile composites using meso-scale unit cell models [47]–[50]. Wang et al. [45] developed 
two-scale RUC model consisting of micro- and meso-RUC models. Micro-RUC model is 
composed of hexagonally-packed fibers with the matrix and used to predict the elastic 
material properties of fiber tows. In order to design the 3D woven shape, a Hermit-spline 
curve is utilized in their meso-scale RUC model [46].  
It is well known that the mechanical performance of textile composites are degraded as 
temperature increases. This is mainly due to the matrix material. The epoxy is a thermoset 
plastic. Beyond the temperature of its glass transition, thermal softening occurs and 
disconnection between polymer chains results in the degradation of the mechanical 
properties. Many researches have been performed to increase the resistance of the materials 
against high temperature. The effect of various types of additives on the flammability and 
mechanical behavior of composites were examined and the reduction in mechanical 
properties as a function of temperature was also studied [18-23]. Gibson et. al. [24] and 
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Feih et. al. [25] developed models based on classical laminate plate theory to predict the 
degradation of mechanical properties of glass fiber reinforced polymer composites with a 
variance of temperature. 
In this thesis, the nonlinear behavior of a plain weave textile composite is 
experimentally observed. The reduction in the mechanical properties of the composites are 
also experimentally measured. Numerical analysis is also performed to simulate the 
mechanical behavior of the textile composite. 
1.2. Organization of the thesis 
This thesis consists of four chapters. First chapter describes manufacturing process of 
the textile composite studied here. Observations and measurements of the internal fabric 
architecture are presented. Mechanical properties of a virgin matrix are experimentally 
measured. Material properties of the textile composite are also measured through tension 
tests with 0o and 45 o orientations. In the second chapter, numerical approaches to simulate 
the mechanical behavior of the textile composite is introduced. In the third chapter, 
thermally degraded mechanical properties of the textile composite is studied. 
In Chapter 2, the fiber microstructure is measured and the behavior of the plain weave 
textile composite is observed from tension tests. The textile composite is manufactured 
using the vacuum assisted resin transfer molding (VARTM) process and specimens are cut 
from the panel obtained from the VARTM process. Tension tests are performed on the 
textile composite as well as the epoxy and their nonlinear behavior is examined. In addition, 
complicated fabric architecture is measured using SEM images. 
In Chapter 3, numerical models are developed to study mechanical behavior of the 
textile composite. Micro-scale and meso-scale models are used to study the behavior of the 
composite at multiple length scales. Although the fiber tow is composed of thousands of 
fibers, its behavior is highly nonlinear in some directions due to the impregnated resin 
material. Therefore, using the micromechanics model, effective nonlinear properties of 
homogenized fiber tows are computed. Meso-scale model is developed at a fabric level. 
Through a representative volume element (RVE) model, the behavior of the textile 
composite is simulated and the results are compared against test data reported in Chapter 
2. 
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In Chapter 4, the epoxy material and the textile composite with 0o and 45 o orientations 
are tested in elevated temperature environments to study the degradation of properties. 
Using the numerical model in Chapter 3, mechanical response of the textile composite as 
temperature increases is simulated in the elastic regime. 
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CHAPTER 2: Experimental Analysis 
2.1.  Introduction 
This chapter describes experimental tasks performed to comprehensively characterize 
the textile composites. Three major tasks were carried out and they are: 
• Manufacturing of plain woven textile composites and quality checks 
• Measuring of geometrical data of the fabric architecture of the textile composites 
• Mechanical testing on the textile composites and the polymer resin 
Textile composite panels were first manufactured using the vacuum assisted resin 
transfer molding (VARTM) process. Qualities of the products were checked by measuring 
fiber and tow volume fractions. In order to measure geometrical characteristics of the fabric 
architecture after the VARTM process, section are cut at multiple directions and section 
images are examined using optical instruments such as an optical microscope (OM) and a 
scanning electron microscope (SEM). Mechanical behavior of the textile composites under 
loading were observed through tension tests on the specimens cut from the panel. In the 
following sections, each task will be present in greater detail. 
2.2.  Manufacturing of specimens 
2.2.1. Overview 
Polymer matrix composites can be processed in various ways. The most basic 
fabrication method for composites is hand layup, which typically consists of laying dry 
fabric layers, or “plies,” or prepreg plies, by hand onto a tool to form a laminate stack. 
Resin is applied to the dry plies after layup is complete (e.g., by means of resin infusion). 
In a variation known as wet layup, each ply is coated with resin and “debulked” or 
compacted after it is placed. Several curing methods are available. The most basic is simply 
to allow cure to occur at room temperature. Cure can be accelerated, however, by applying 
heat, typically with an oven, and pressure, by means of a vacuum. For the latter, a vacuum 
bag, with breather assemblies, is placed over the layup and attached to the tool, then 
evacuated using a vacuum pump before cure. The vacuum bagging process consolidates 
the plies of material and significantly reduces voids due to the off-gassing that occurs as 
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the matrix progresses through its chemical curing stages. Additional pressure can be 
applied using autoclaves when higher qualities are required for specific applications such 
as aircraft structures.  
Liquid molding process such as Resin Transfer Molding (RTM) is commonly accepted 
these days [38]–[40]. RTM begins with a two-part, matched, closed mold that is made of 
metal or composite material. Dry reinforcement (typically a preform) is placed into the 
mold and the mold is closed. Resin and catalyst are metered and mixed in dispensing 
equipment, then pumped into the mold under low to moderate pressure through injection 
ports, following predesigned paths through the preform. Extremely low-viscosity resin is 
used in RTM applications for thick parts to permeate preforms quickly and evenly before 
cure. Both mold and resin can be heated, as necessary, for particular applications. RTM 
produces parts without an autoclave. 
Vacuum Assisted Resin Transfer Molding (VARTM) is a variation of Resin Transfer 
Molding (RTM) with its distinguishing characteristic being the replacement of the top 
portion of a mold tool with a vacuum bag and the use of a vacuum to assist in resin flow. 
The process involves the use of a vacuum to facilitate resin flow into a fiber layup contained 
within a mold tool covered by a vacuum bag. After the impregnation occurs the composite 
part is allowed to cure at room temperature with an optional post cure sometimes carried 
out. 
In the present study, VARTM process is employed to manufacture textile composite 
panels. Figure 2-1 shows the VARTM system established for this study. In the present 
study, VARTM process is employed to manufacture textile composite panels. Instead of 
using a vacuum bag, however, a top mold is used to place a dry preform in a closed section 
with a vacuum pump. In this way, a thickness of products can be more evenly controlled 
and fine surface finishes on both sides of the panels can also be achieved. Panels with a 
thickness of 2.8 mm are produced with 13 layers of plain-weave carbon fiber fabrics. T300 
grade fabric from Toray Industries, Inc. and the INF-114 epoxy resin with the INF-212 
hardener from Pro-set Company are combined to manufacture the textile composites for 
the present study. 
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Figure 2-1: VARTM system with a closed-section mold, a vacuum pump and a resin reservoir.  
2.2.2. Mold design 
Figure 2-2 shows the VARTM tool with an exploded view. The tool consists of the 
upper and lower molds to hold a shape of a final product and a sealing rubber for a tight 
closeness when top and bottom molds are assembled using the bolts. The upper mold made 
of a steel provides several advantages over a vacuum bag film that is typically used in the 
VARTM process. These advantages include; 
• Fine surface finishes on both sides of the panel 
• Precise control on the thickness of the panel 
• Increased fiber volume fraction due to the additional pressure gained from the 
weight of the upper mold and adjoining forces from the bolts 
 
Figure 2-2: Exploded view of the mold.  
2.2.3. Manufacturing process 
Mechanical properties of the resin system used in the present study are listed in Table 
2-1. Cured resin at different curing conditions exhibit different mechanical performances. 
In order to observe nonlinear behavior of the resin system more clearly, the curing 
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condition of 82°C 8hrs is selected since the tensile elongation is the longest under this 
condition. Details of the manufacturing specification are as follows: 
• Fabric: T300 3K Toray Inc., Plain weave cloth 
• Ply arrangement: 0° or 45°13 plies 
• Matrix: epoxy resin (resin: INF-114, hardener: INF-212 Pro-set Inc.) 
• Cure: post-curing during 8 hours at 83°C using an oven 
• Quality assurance: matrix burn out test  
• Dimension: 400 × 400 × 2.8 [mm3] 
Properties RT 4 weeks 
RT 
2 weeks 
RT Gelation 
+ 48°C 8hrs 
RT Gelation 
+ 60°C 8hrs 
RT Gelation 
+ 82°C 8hrs 
Tensile Strength 
[MPa] 55 57 67 68 68 
Tensile Modulus 
[GPa] 3.66 3.74 3.61 3.7 3.58 
Tensile Elongation 
[%] 1.8 1.9 2.5 3.5 4.6 
Flexural Strength 
[MPa] 88 87 117 120 124 
Flexural Modulus 
[GPa] 3.29 3.41 3.46 3.19 3.19 
Table 2-1: Mechanical properties of INF-114 under different curing conditions 
After the dry preform with 13 plies are placed inside the mold, the top and bottom 
plates are fastened with the bolts and the vacuum pump as shown in Figure 2-1 is used to 
make the resin flow from the resin reservoir. In order to observe the resin flow, a glass top 
mold is additionally fabricated and held by twelve toggle clamps. As shown in Figure 2-3, 
the resin enters from the resin inlet located at one side in the bottom mold. The resin outlet 
is located under the dry preform at the center of the bottom mold. The resin inlet is 
connected to the reservoir and the outlet is connected to the vessel with the vacuum pump 
as shown in Figure 2-1. From the inlet, the resin first flows along the channels around the 
dry preform and then penetrate the dry preform after the channels are fully filled with the 
fluid. The mold is designed in this manner because of several reasons. Firstly, the fabric is 
impregnated with the resin evenly from outside to inside of the plate. Secondly, the resin 
starts exiting from the outlet when the preform is fully filled with the resin. Therefore, the 
amount of the resin used for the process can be minimized. However, since the outlet is 
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located at the center of the plate, polishing is required around the outlet region after the 
panel is completely cured. 
 
Figure 2-3: Typical resin flow during the VARTM process 
2.3.  Microstructure geometry 
2.3.1. Overview 
In this section, measurements of complex textile architecture are reported. 
Characteristics of the fabric structure inside the textile composite such as shapes of tow 
cross sections, gaps between tows, tow undulations and so on. Panels are cut along the 
directions of warp and weft tows and multiple cross sections are examined using optical 
instruments such as an optical microscope and a scanning electron microscope. A fiber 
volume fraction in a tow is measured using an image processing technique. Total fiber 
volume fraction in a textile composite is measured by a matrix burn-out test. 
As shown in Figure 2-4, the plain weave has warp tows with weft tows woven around. 
The plain weave fabric used in the present study has the same number of fibers and thus 
the material properties in the directions of warp and weft tows can be considered as the 
same.  
 10 
 
Figure 2-4: Plain weave textile fabric 
2.3.2. Measurement procedure and results 
Before taking cross-sectional images, the section surfaces are polished using a polisher 
machine as shown in Figure 2-5 to obtain high quality images. Specimens are mounted on 
the polisher machine, and polishing is processed from 2000 grit using diamond fluid with 
various particle sizes of 3 μm, 1 μm and 0.5 μm. Cross section images such as Figure 2-6 
are obtained using an optical device. Geometric characteristics are parameterized as shown 
in Figure 2-7 and they are measured from the section images. 
 
 
Figure 2-5: Polisher machine with specimens mounted 
 
Figure 2-6: Typical cross section images of plain weave textile composites 
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Figure 2-7: Parameterized tow geometric characteristics 
Tow geometry 
As shown Figure 2-6, cross-sectional geometry of tows is measured at multiple location 
from A to F. They are selectively cropped and shown in Figure 2-8. Using a digitize 
software, the outlines of the tow cross section are examined as shown in Figure 2-9(a). 
Figure 2-9(b) shows averaged outlines of the tow section and it is found that the tow cross 
sections can be simply modeled as an elliptical shape.  
 
Figure 2-8: Cross section images of tows 
 
(a) 
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(b) 
Figure 2-9: (a) Measured outlined of the tow cross sections (b) Averaged outlines of the tows 
Fiber volume fraction in a tow 
Fiber volume fraction in a tow is obtained through an image processing technique. Gray 
scales of the images are first binarized into black and white only as shown in Figure 2-10. 
White color indicates fiber filaments and black color is used for a matrix material. The 
fiber volume fraction in a tow, 𝑉𝑉𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡, is defined as 
 
𝑉𝑉𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑉𝑉filaments𝑉𝑉tow = 𝐴𝐴filaments𝐴𝐴tow = number of white pixelsnumber of black pixels  (2-1) 
Using an imaging process program, the number of pixels are counted in the tow area and 
the computed results for the fiber volume fraction are listed in 
 
Figure 2-10: Processed images of tow cross sections 
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 A B C D E F Avg 
Total pixels 121,112 132,994 137,922 128,261 132,346 143,070 132,617 
White pixels 87,572 103,861 100,443 105,388 107,502 108,755 102,253 
Black pixels 33,540 29,133 37,479 22,873 24,844 34,315 30,364 
𝐕𝐕𝐟𝐟𝐭𝐭𝐭𝐭𝐭𝐭 72.31 78.09 72.82 82.17 81.23 76.02 77.11±4.15 
Table 2-2: Fiber volume fractions in tows A to F 
Tow undulation 
Weft tow undulation are measured from the section images as shown in Figure 2-11. 
The undulation is characterized through various parameters including undulation angles θ, 
gaps between weft and warp tows 𝑔𝑔 and unit weave lengths, 𝑙𝑙. The measured results are 
listed in Table 2-3. 
 
Figure 2-11: Cross section image showing tow undulations 
  A B C D E F Avg 
𝒈𝒈 [𝐦𝐦𝐦𝐦] Left side 0.22 0.26 0.39 0.26 0.14 0.24 0.25 ± 0.08  
Right side 0.29 0.23 0.26 0.15 0.29 0.24 0.24 ± 0.05 
𝜽𝜽 [°] Left side 8.39 8.33 8.98 10.49 8.66 9.99 9.14 ± 0.87 
Right side 8.64 9.22 11.69 8.59 10.41 8.73 9.55 ± 1.25 
𝒍𝒍 [𝐦𝐦𝐦𝐦] 3.82 3.80 3.8 3.82 3.86 3.74 3.81 ± 0.04 
Table 2-3: Measured parameters for tow undulations 
Fiber volume fraction in a composite 
Total fiber volume fraction in a composite is obtained through a matrix burn-out test 
per ASTM D2883 [26]. Before performing the burn-out test, a thermal gravimetric analysis 
(TGA) is carried out to identify the burning point of the matrix material. A sample of the 
resin material about 15 grams is heated by 20°C/min and TGA results are shown in Figure 
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2-12. It was observed that the resin starts suddenly burning around at 300~400°C and it is 
completely burnt out near at 900°C. In the present burn-out test, the resin in a furnace is 
heated around at 900°C for 90 minutes, so that the epoxy material is completely gone. Then, 
the weight of a fabric left as shown in Figure 2-13 is measured to obtain the total fiber 
volume fraction of in a textile composite. Table 2-4 shows the results from the burn-out 
test. 
 
Figure 2-12: TGA results of the epoxy resin 
 
Figure 2-13: Plain weave fabric after completely burning out the epoxy resin 
 𝐕𝐕𝐜𝐜𝐭𝐭𝐦𝐦𝐜𝐜 [𝐦𝐦𝐦𝐦𝟑𝟑] 𝐖𝐖𝐝𝐝𝐝𝐝𝐝𝐝 [𝐦𝐦𝐦𝐦] 𝐖𝐖𝐭𝐭𝐰𝐰𝐭𝐭 [𝐦𝐦𝐦𝐦] 𝐖𝐖𝐟𝐟𝐟𝐟𝐟𝐟𝐰𝐰𝐝𝐝 [𝐦𝐦𝐦𝐦] 𝐖𝐖𝐦𝐦𝐦𝐦𝐭𝐭𝐝𝐝𝐟𝐟𝐦𝐦 [𝐦𝐦𝐦𝐦] 𝛒𝛒𝐜𝐜𝐭𝐭𝐦𝐦𝐜𝐜 [𝐦𝐦𝐦𝐦/𝐦𝐦𝐦𝐦𝟑𝟑] 𝐕𝐕𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐰𝐰𝐝𝐝 [%] 𝐕𝐕𝐟𝐟𝐦𝐦𝐦𝐦𝐭𝐭𝐝𝐝𝐟𝐟𝐦𝐦 [%] 𝐕𝐕𝐟𝐟𝐯𝐯𝐭𝐭𝐟𝐟𝐝𝐝 [%] 
Test 1 1690.5 2401 2402 1555 867 1.4213 51.91 44.99 3.1 
Test 2 1667.2 2404 2402 1590 829 1.4430 54.04 43.62 2.34 
Test 3 1705.0 2472 2474 1579 904 1.4512 52.61 46.53 0.86 
Test 4 1650.11 2403 2404 1531 886 1.4570 52.96 47.12 0.03 
Avg 1693.02 ±46.26 2452 ±74.1 2453 ±74.2 1538 ±49.9 928 ±95.5 1.4510 ±0.0154 52.78 ±0.90 45.57 ±1.58 1.65 ±1.29 
Table 2-4: Matrix burn-out test results 
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2.4.  Tension tests with 0o and 45 o orientations 
2.4.1. Overview 
In this section, mechanical properties of the plain weave textile composites and the 
epoxy material are reported. Simple tension tests are performed to identify stiffnesses and 
strengths of the composite and the virgin matrix material. After the tests are done, section 
images are taken from failed specimens to investigate failure mechanisms of the materials. 
Electromechanically-driven loading frame is used to perform the tension tests. Tests on 
composite specimens are carried out per ASTM D3039 [27] and epoxy resin specimens are 
tested per ASTM D638 [28]. Two digital single-lens reflex (DSLR) cameras are placed to 
take pictures of front and back sides of the specimens as shown in Figure 2-16. Images 
taken from the two cameras are utilized for a digital image correlation (DIC) analysis to 
obtain full-field displacement and strain data over the region where a speckle pattern is 
applied as shown in Figure 2-14.  
 
Figure 2-14: Configuration of the textile composite specimen 
 
Figure 2-15: Specimen configuration of the epoxy resin  
 
Figure 2-16: Test setup with two DSLR cameras for DIC analysis 
 16 
DIC technique is an optical method that employs tracking and image registration 
techniques for accurate 2D and 3D measurements of changes in images [29]. This is often 
used to measure deformation, displacement, strain, and optical flow. DIC technique offers 
two major advantages when it is used for mechanical testing: 
• Real-time full field strain data on surfaces 
• Non-contact measurement 
In order to utilize the DIC technique, a speckle pattern should be first applied on a 
certain region of interest as shown in Figure 2-19. Pictures are taken during the whole 
process of a test to track the changes in the speckle pattern. In this way, the full-field 
deformation data can be obtained by comparing images in the deformed configuration 
against the image in the reference state. In the present study, when calculating an axial 
strain using the DIC technique, averaged deformation data over a line is used. Figure 2-18 
shows the procedure for the macro axial strain calculation. 
 
Figure 2-17: Speckle patterns of a reference image and a deformed state 
 
Figure 2-18: DIC analysis to measure the macro axial strain 
Alignment of the specimens is very important to accurately calculate a stiffness value 
from stress-strain data. In order to check whether the specimen is mounted straightly along 
the loading direction, a bending strain is computed. From the images taken from front and 
 17 
back sides of a specimen, through the DIC analysis, total axial strains at the front and side 
surfaces can be obtained. If 𝜅𝜅 is a curvature of the specimen, the axials strains of the front 
and back sides are written as  
𝜖𝜖𝑦𝑦𝑦𝑦
front = 𝜖𝜖𝑦𝑦𝑦𝑦o + ℎ2 𝜅𝜅 (2-2) 
𝜖𝜖𝑦𝑦𝑦𝑦
back = 𝜖𝜖𝑦𝑦𝑦𝑦o − ℎ2 𝜅𝜅 (2-3) 
where 𝜖𝜖𝑦𝑦𝑦𝑦o  is the axial strain at the central axis of the specimen and ℎ is the thickness of the 
specimen. In Eqns. (2-2) and (2-3), the second term is the bending strain.  From Eqns. (2-2) 
and (2-3), the axial strain along the central axis is simply an average value between the two 
and the bending strain is obtained by subtracting Eq. (2-2) from (2-3) and dividing it by 
two. Typical strain data from the tension tests are plotted in Figure 2-19. As shown in the 
figure, the bending strain is near zero compared to the axial strain, and it implies that the 
specimen is straightly installed in the loading frame without any initial bending. 
 
Figure 2-19: Axial strain along the central axis and corresponding bending strain 
2.4.2. Tension tests on virgin matrix 
Virgin matrix specimens are manufactured using an acrylic mold as shown in Figure 
2-20. Once the resin fluid is fully filled in the mold, it is cured at 83°C in an oven. Figure 
2-21 shows the tests results for the epoxy specimen under tensile loading. Figure 2-22 
shows the shear stress-shear strain response of the resin converted from the data in Figure 
2-21 using the Ramberg-Osgood relationship [30]. As can be seen in Figure 2-21 and 
Figure 2-22, the cured epoxy material exhibits highly nonlinear stress-strain behavior. This 
is because the resin become ductile as some cross-linked chains in the epoxy at the micro-
scale are disconnected and the epoxy is slowly losing its load carrying capability.  
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Figure 2-20: Preparation of epoxy specimens 
 
Figure 2-21: Stress-strain response of the virgin matrix under tensile loading 
 
Figure 2-22: Shear stress-shear strain response of the virgin matrix 
 𝐄𝐄 [𝐆𝐆𝐆𝐆𝐦𝐦] 𝐒𝐒𝐭𝐭𝐝𝐝𝐰𝐰𝐒𝐒𝐦𝐦𝐭𝐭𝐒𝐒 [𝐌𝐌𝐆𝐆𝐦𝐦] 𝐄𝐄𝐄𝐄𝐭𝐭𝐒𝐒𝐦𝐦𝐦𝐦𝐭𝐭𝐟𝐟𝐭𝐭𝐒𝐒 [%] 𝛎𝛎𝟏𝟏𝟏𝟏 
Matrix-1 3.04 65.59 5.62 0.37 
Matrix-2 2.81 64.37 5.85 0.37 
Matrix-3 3.05 66.05 5.12 0.36 
Matrix-4 2.84 64.63 5.98 0.37 
Avg 2.93 ± 0.13 65.16 ± 0.79 5.64 ± 0.38 0.37 ± 0.01 
Table 2-5: Mechanical properties from four tests on the matrix specimens 
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2.4.3. Tension tests on textile composites with 0° orientation 
Stiffnesses and strength of the textile composite in the direction of warp and weft tows 
are obtained from tension tests on specimens with fiber tows aligned with the loading 
direction. Since the warp and weft tows have the same number of fiber filaments, tension 
tests are performed in the direction of the warp tows only. Figure 2-23 shows the stress-
strain response obtained from tension tests. Stiffnesses and strengths found from the stress-
strain curves are listed in Table 2-6. As shown in Figure 2-23, the textile composite exhibits 
almost linear behavior before catastrophic failure. From the observation of failed 
specimens as seen in Figure 2-24 and Figure 2-25, no other failure modes are found except 
the fiber breakages. Thus, when the textile is loaded in 0o orientation, the fibers carry 
almost all the load. 
 
Figure 2-23: Stress-strain response of the textile composite 
 
Figure 2-24: Failed specimens in 0o direction 
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Figure 2-25: Cross sections of failed specimens 
 𝐄𝐄𝟏𝟏𝟏𝟏 [𝐆𝐆𝐆𝐆𝐦𝐦] 𝐒𝐒𝐭𝐭𝐝𝐝𝐰𝐰𝐒𝐒𝐦𝐦𝐭𝐭𝐒𝐒 [𝐌𝐌𝐆𝐆𝐦𝐦] 𝐄𝐄𝐄𝐄𝐭𝐭𝐒𝐒𝐦𝐦𝐦𝐦𝐭𝐭𝐟𝐟𝐭𝐭𝐒𝐒 [%] 𝛎𝛎𝟏𝟏𝟏𝟏 
PWTCs_0°_1 59.28 474.33 0.80 0.04 
PWTCs_0°_2 59.68 467.62 0.81 0.05 
PWTCs_0°_3 57.33 427.21 0.72 0.06 
Avg 58.76 ± 1.26 456.39 ± 25.49 0.78 ± 0.049 0.05 ± 0.01 
Table 2-6: Results of tension tests in 0o direction 
2.4.4. Tension tests on textile composites with 45° orientation 
Shear response of the textile composite can be obtained from tension tests on specimens 
with the fiber tows oriented at 45° with respect to the loading direction. Through stress and 
strain transformation as schematically illustrated in Figure 2-26, shear stress and strain 
values can be computed from the axial stress and axial strain data [31]. Shear stress and 
shear strain are  
𝜏𝜏12 = 𝜎𝜎𝑦𝑦𝑦𝑦2  (2-4) 
𝛾𝛾12 = 𝜖𝜖𝑦𝑦𝑦𝑦 − 𝜖𝜖𝑥𝑥𝑥𝑥 (2-5) 
 
Figure 2-26: Schematic illustration of stress transformation 
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Figure 2-27 shows the shear stress-shear strain response of the textile composite. As 
can be seen Figure 2-27, the textile composite exhibits highly nonlinear shear stress-shear 
strain response. This behavior is mainly due to the nonlinear matrix material as shown in 
Figure 2-22.  
 
Figure 2-27: Shear stress-shear strain response of the textile composites 
Figure 2-28 shows the DIC analysis results. It can be seen that fabric architecture is 
clearly detected by the DIC analysis. Highly strained regions in red color are resin rich 
areas while the fiber are not greatly stressed compared to the resins. From the DIC results, 
when 𝛾𝛾12 = 0.33, there are some spots where 𝜖𝜖𝑦𝑦𝑦𝑦 exceeds 0.2, which is the failure strain 
of the matrix material as can be seen in Figure 2-21. Thus, it can be concluded that the 
matrix has been fractures in these regions. 
 
Figure 2-28: Strain field process obtained from DIC analysis 
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Section images are taken and examined using SEM to observe the matrix failure in 
more detail. As indicated in Figure 2-27, tests are stopped at each point from 1 to 4, 
specimens are removed from the loading frame and section images are taken and examined. 
Here, the point 1 is selected in the elastic regime, and the point 2 is chosen just before the 
epoxy is fractured. Point 3 is between 2 and 4 while the point 4 is the final failure point. 
From the examination using SEM, no failure is found from the image taken at the point 1, 
but it is found that the matrix is partially cracked at the point 2 as shown in Figure 2-27. 
Cracks are larger at the point 3 than the point 2 and thus it can be seen that the fibers are 
taking almost all the load. As a result, at the point 4, fractured fiber filaments are observed 
in Figure 2-27. 
 
Figure 2-29: Damage patterns in the matrix material at various loading stages 
From the observation of the failed specimen in Figure 2-30, it is found that the fibers 
are fractured before the fiber tows are derailed too much from their original orientations. 
At the micro-scale observation, transverse matrix cracks are found in cross sections of tows 
as shown in Figure 2-30. These observations lead to the fact that, although the matrix 
material is partially fractured in resin reach areas, it still holds and constrains fiber tows at 
the interface between weft and warp tows. As a load reaches its peak, fiber tows are broken 
and the high energy stored in the textile composite is rapidly released. 
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Figure 2-30: Failed specimen and transverse matrix cracks in tows 
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CHAPTER 3: Numerical Analysis 
3.1.  Introduction 
Textile composites offer high stiffness- and strength- to weight ratios and excellent in-
plane properties well balanced in both directions. Owing to the weaving process, near-net-
shape manufacturing is also possible and production costs are relatively low. Due to the 
various advantages that textile composites can provide, they are widely used in various 
industrial sectors such as automotive, aircraft and marine applications. 
Usually the textile composites consist of fiber reinforcements and a polymer matrix. 
Because of the matrix, textile composites show highly non-linear behavior when loaded in 
off-axis orientations. Many researches have been carried out to simulate the non-linear 
behavior of the textile composites. Hahn and Tsai [2, 3] used classical laminated plate 
theory to study non-linear behavior of unidirectionally continuous fiber-reinforced 
composites and they performed off-axis tests to validate the model. Ishikawa and Chou 
developed a mosaic model and bridging model to simulate non-linear behavior of textile 
composites [4-10]. They found that transverse cracks in warp tows, weft tows and 
nonlinearity of a matrix material causes nonlinear response of textile composites. Naik and 
Shemberkar developed an analytical model accounting for the configuration of textile 
weaves such as distance between tows and undulation of tows [13-15]. The analytical 
model was used to predict mechanical behavior of textile composites in an elastic regime. 
Kumosa et. al. applied the bi-linear approximation method for elastic and plastic response 
of textile composites [16, 17]. 
In this chapter, a numerical model that predicts nonlinear mechanical behavior of plain 
weave textile composites is discussed. The present numerical model here is distinguished 
from aforementioned previous models in the following perspectives: 
• Nonlinear responses of the textile composites are predicted from material properties 
of each constituents including fibers, tows and a matrix. 
• Realistic fabric architecture in the composites is accounted for. 
Nonlinear behavior of composites is mainly due to a matrix material. Polymer epoxy 
that is used for the matrix in the present study is a thermoset plastic, which has a strongly 
linked polymer chains in its microstructure. As the epoxy material is loaded, bonding of 
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the cross-linked polymer chains are weakened and some chains start being disconnected. 
These damage process appears nonlinear stress-strain response at macro-scale as shown in 
Figure 2-21. 
Fiber tows are composed of thousands of fiber filaments and a matrix material that 
binds them together. Although the fiber can be modeled as an elastic material, tows exhibits 
nonlinear stress-strain response in some directions. As shown in Figure 3-1, along the 
direction of fibers, it is easily expected that the fiber tow exhibits linear stress-strain 
response due to the strong and stiff fiber. However, in the direction transverse to the fibers, 
the matrix properties mainly determines the mechanical properties of the tow since fibers 
are very thin in these direction. Therefore, the fiber tow shows nonlinear behavior in 2 and 
3 direction. 
 
Figure 3-1: Cross section of a tow with fiber filaments and a matrix material 
In order to account for the nonlinearity of a fiber tow that is different in each direction, 
an anisotropic elasto-plastic model is employed. The geometric data measured and reported 
in Chapter 2 are also reflected in the present numerical model to consider geometric 
nonlinearities. 
The numerical approach in the present study is a two-step analysis consisting of a 
micro-scale and a meso-scale model. Micro-scale model is used to predict the directionally 
dependent material properties of fiber tows and the meso-scale model is used to predict 
overall mechanical response of the plain weave textile composite. Results from the present 
numerical model are compared against experimental data reported in Chapter 2.  
3.2.  Micro-scale model 
3.2.1. Overview 
Fiber tows consists of thousands of fiber filaments and a matrix material that binds 
fibers together. Thus, the fiber tow show non-linear stress-strain response in 2 and 3 
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direction since the matrix property is dominant in that direction. However, it is technically 
impossible to experimentally measure the stress-strain response of the fiber tow in 2 and 3 
directions. Instead, a micro mechanics model is utilized to obtain the mechanical properties 
of the fiber tow. Figure 3-2 shows the micromechanics model that can represents the fiber 
tow. The model consists of hexagonally-packed fibers with the matrix. The fiber volume 
fraction in a tow reported in Table 2-2 are used to create the micro-mechanics model. As 
mentioned before, the polymer matrix can be considered as an elasto-plastic material and 
thus the matrix is modeled as an isotropic elasto-plastic material with the classical J2 flow 
theory. The carbon fibers are modeled as a transversely isotropic elastic material. Material 
properties of the fiber and the matrix are listed in Table 3-1. Plastic response of the matrix 
can be found in Figure 2-22. By applying mechanical loading to this model at different 
directions, the stress-strain response of the fiber tow at various material directions can be 
obtained. 
 
Figure 3-2: Micromechanics model for the fiber tow 
 𝐄𝐄𝟏𝟏𝟏𝟏 [𝐆𝐆𝐆𝐆𝐦𝐦] 𝐄𝐄𝟏𝟏𝟏𝟏 [𝐆𝐆𝐆𝐆𝐦𝐦] 𝐆𝐆𝟏𝟏𝟏𝟏 [𝐆𝐆𝐆𝐆𝐦𝐦] 𝐆𝐆𝟏𝟏𝟑𝟑 [𝐆𝐆𝐆𝐆𝐦𝐦] 𝛎𝛎𝟏𝟏𝟏𝟏 𝛎𝛎𝟏𝟏𝟑𝟑 𝒓𝒓𝟏𝟏[𝛍𝛍𝐦𝐦] 
Carbon fiber 220 13.8 11.35 5.5 0.2 0.25 3.5 
Matrix 2.93 2.93 1.07 1.07 0.37 0.37  
Table 3-1: Material properties of the carbon fiber and the matrix 
3.2.2. Periodic boundary condition (PBC) 
The hexagonally-packed fiber/matrix micromechanics model is created based on the 
assumption that the representative structure is repeated in the entire area of the fiber tow. 
It follows that, when a loading is applied to the micromechanics model, periodic boundary 
conditions should be properly assigned so that the results can also represent the entire fiber 
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tow. Barbero derived equations to assign periodic boundary conditions to 3D models [35]. 
These equations constraint nodes in a finite element analysis (FEA) model. In a 3D model, 
each face, edge, and vertices are constrained by the corresponding opposite features. 
Compatibility issues, that may arise in the regions where the equations are doubly assigned, 
are resolved by using different equations.  Figure 3-3 shows the numbering identifications 
for each face, edge and vertex to apply PBCs. Nodes on the faces are constrained by u𝑖𝑖1 − u𝑖𝑖3 = 𝑐𝑐𝜀𝜀𝑖𝑖10  (3-1) u𝑖𝑖2 − u𝑖𝑖4 = 𝑎𝑎𝜀𝜀𝑖𝑖20  (3-2) u𝑖𝑖1 − u𝑖𝑖3 = 𝑐𝑐𝜀𝜀𝑖𝑖10  (3-3) 
Nodes on the edges obeys the following constraint equations: u𝑖𝑖2 − u𝑖𝑖4 = 𝑐𝑐𝜀𝜀𝑖𝑖10 + 𝑎𝑎𝜀𝜀𝑖𝑖20  (3-4) u𝑖𝑖1 − u𝑖𝑖3 = 𝑐𝑐𝜀𝜀𝑖𝑖10 − 𝑎𝑎𝜀𝜀𝑖𝑖20  (3-5) u𝑖𝑖6 − u𝑖𝑖8 = 𝑐𝑐𝜀𝜀𝑖𝑖10 + 𝑏𝑏𝜀𝜀𝑖𝑖30  (3-6) u𝑖𝑖5 − u𝑖𝑖7 = 𝑐𝑐𝜀𝜀𝑖𝑖10 − 𝑏𝑏𝜀𝜀𝑖𝑖30  (3-7) u𝑖𝑖11 − u𝑖𝑖9 = 𝑎𝑎𝜀𝜀𝑖𝑖10 − 𝑏𝑏𝜀𝜀𝑖𝑖30  (3-8) u𝑖𝑖10 − u𝑖𝑖12 = 𝑎𝑎𝜀𝜀𝑖𝑖20 − 𝑏𝑏𝜀𝜀𝑖𝑖30  (3-9) 
Lastly, the vertices are constrained by u𝑖𝑖3 − u𝑖𝑖5 = 𝑐𝑐𝜀𝜀𝑖𝑖10 + 𝑎𝑎𝜀𝜀𝑖𝑖20 + 𝑏𝑏𝜀𝜀𝑖𝑖30  (3-10) u𝑖𝑖2 − u𝑖𝑖8 = 𝑐𝑐𝜀𝜀𝑖𝑖10 + 𝑎𝑎𝜀𝜀𝑖𝑖20 − 𝑏𝑏𝜀𝜀𝑖𝑖30  (3-11) u𝑖𝑖7 − u𝑖𝑖1 = −𝑐𝑐𝜀𝜀𝑖𝑖10 + 𝑎𝑎𝜀𝜀𝑖𝑖20 + 𝑏𝑏𝜀𝜀𝑖𝑖30  (3-12) u𝑖𝑖4 − u𝑖𝑖6 = 𝑐𝑐𝜀𝜀𝑖𝑖10 − 𝑎𝑎𝜀𝜀𝑖𝑖20 + 𝑏𝑏𝜀𝜀𝑖𝑖30  (3-13) 
 
Figure 3-3: Identification of faces, edges and vertices for PBCs 
3.2.3. Virtual tests on the micromechanics model 
The fiber/matrix micromechanics model is utilized to perform virtual tests in order to 
obtain mechanical properties of the fiber tow. Since the material properties of the fiber tow 
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in 2 and 3 directions can be assumed to be the same, mechanical testing corresponding to 
the 2 direction is only carried out. The most important parameters in using Hill’s 
anisotropic theory is the yield strength ratio.  
𝜎𝜎�11
𝜎𝜎0
,  𝜎𝜎�22
𝜎𝜎0
,  𝜎𝜎�33
𝜎𝜎0
,  𝜎𝜎�12
√3𝜎𝜎0 ,  𝜎𝜎�13√3𝜎𝜎0 ,  𝜎𝜎�23√3𝜎𝜎0 (3-14) 
where 𝜎𝜎0 is the reference yield strength and 𝜎𝜎�𝑖𝑖𝑖𝑖 is the yield strength values in each direction. 
In the present virtual tests, loadings in 11, 22, 12, 23 directions are applied with proper 
boundary conditions to obtain the required yield strength values. Deformed configuration 
of the micromechanics model in each loading condition are displayed in Figure 3-4. Figure 
3-5 shows stress-strain behavior of the micromechanics model in each direction. From the 
stress-strain curves, elastic stiffnesses as well as yield strength values for each direction 
can be identified. Table 3-2 summarizes the results from the virtual tests. Here, the 
reference strength is set to 𝜎𝜎�22 since the matrix property is dominant in that direction. 
 
Figure 3-4: Results of micro-scale FE analysis. Left above: 11 direction tension, left below: 22 direction 
tension, right above 12direction shear, right below: 23direction shear 
 29 
 
Figure 3-5: Stress-strain response of the micromechanics model 
 𝐄𝐄𝟏𝟏𝟏𝟏 [𝐆𝐆𝐆𝐆𝐦𝐦] 𝐄𝐄𝟏𝟏𝟏𝟏 [𝐆𝐆𝐆𝐆𝐦𝐦] 𝐆𝐆𝟏𝟏𝟏𝟏 [𝐆𝐆𝐆𝐆𝐦𝐦] 𝐆𝐆𝟏𝟏𝟑𝟑 [𝐆𝐆𝐆𝐆𝐦𝐦] 𝛎𝛎𝟏𝟏𝟏𝟏 𝛎𝛎𝟏𝟏𝟑𝟑 𝝈𝝈�𝟏𝟏𝟏𝟏𝝈𝝈𝟎𝟎  𝝈𝝈�𝟏𝟏𝟏𝟏𝝈𝝈𝟎𝟎  𝝉𝝉�𝟏𝟏𝟏𝟏√𝟑𝟑𝝈𝝈𝟎𝟎 𝝉𝝉�𝟏𝟏𝟑𝟑√𝟑𝟑𝝈𝝈𝟎𝟎 
Tow 176.52 9.86 5.54 3.64 0.23 0.35 1000 1 0.66 0.79 
Table 3-2: Fiber tow properties obtained from the virtual tests 
3.3.  Meso-scale Representative Volume Element (RVE) model 
Geometric data reported in Chapter 2 are used to create the representative volume 
element (RVE) model for the plain weave textile composite as shown in Figure 3-6. The 
RVE model consists of weft tows, warp tows and an in situ matrix. Weft and warp tows 
are modeled using Hill’s anisotropic plasticity theory [32] with yield strength ratios in 
Table 3-2 obtained from the micromechanics model. The matrix is modeled as an isotropic 
elasto-plastic material with the material properties in Table 3-1 and Figure 2-22.  
 
Figure 3-6: RVE model of the plain weave textile composite 
Figure 3-7 shows the fiber tow geometry in the RVE model. All the geometric 
characteristics that defines the shape of the tow are measured values as reported in Table 
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3-3. In addition, the fiber orientation along the tow is changing through the local coordinate 
system (LCS) as shown in Figure 3-7. In this way, the fiber direction that is changing 
according to the tow undulation is realistically reflected in the RVE model. 
 
Figure 3-7: Geometric characteristics of fiber tows 
 
𝐭𝐭𝐟𝐟 
[mm] 
𝐭𝐭𝐟𝐟 
[mm] 
𝐦𝐦 
[mm] 
𝒍𝒍 
[mm] 
𝛉𝛉 
[°] 
𝐕𝐕𝐟𝐟𝐭𝐭𝐭𝐭𝐭𝐭 
[%] 
𝐕𝐕𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐟𝐰𝐰𝐝𝐝 
[%] 
Measurement 1.65 0.15 0.25 3.96 9.34 77.11 52.78 
RVE Model 1.70 0.15 0.20 3.80 10.54 80 66.23 
Table 3-3: Geometric data of the fiber two shown in Figure 3-7 
Figure 3-8 shows the meshes of the RVE model. As shown in the figure, the matrix is 
filled at the gap between the weft and warp tows, and thus the element size should be small 
enough in the region. Total number of elements are sufficient enough such that any further 
refinement does not greatly affect FEA results. Figure 3-9 shows the boundary and loading 
conditions to perform tension and shear analysis. In addition to the conditions in Figure 
3-9, periodic boundary conditions introduced in Section 3.2.2 are also enforced to the RVE 
model. 
 
Figure 3-8: Meshes of the RVE model 
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Figure 3-9: Boundary and loading conditions for tension and shear analysis 
3.3.1. RVE under tensile loading 
The mechanical behavior of the plain weave textile composite is studied using the RVE 
model with ABAQUS/Standard 6.14-2. Tensile loading is applied along the direction 
of the warp tows. As described in Figure 3-9, faces in yz- and xz- planes are constrained 
and the RVE model is stretched by 1% in x-direction. Figure 3-10 shows the deformed 
configuration of the RVE model under the tensile loading. For the sake of clarity, the matrix 
material is not visualized for the bottom figure. Strain field in the loading direction is 
plotted on the deformed configuration. Since the warp tows are aligned with the loading 
direction, strain values are very high compared to the weft tows transverse to the loading 
direction. From the FEA result in Figure 3-10, it is known that the warp tows carry almost 
all the load. Figure 3-11 compares stress-strain data obtained from the FEA against 
experimental data reported in Chapter 2. It is shown that the FEA results agree very well 
with the test data. 
Figure 3-12 compares strain field data on the surface obtained from the DIC analysis 
in Section 2.4.3 with the FEA results. When the strain is very low, there is no distinguished 
strain distribution detected by the DIC analysis. As the load is increased, strains are non-
uniformly distributed and this is detected by the DIC technique as shown in Figure 3-12. 
This non-uniform strain distribution is mainly because of the textile architecture. Since 
there exists a significant difference in stiffnesses between the fibers and the matrix, strain 
distribution becomes non-uniform. High strains are observed in the resin rich areas and 
where the warp tow is weaving around the weft tow. The plane weave fabric architecture 
is moderately reflected in the strain contour from the DIC and FEA results in Figure 3-12. 
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Figure 3-10: Deformed configuration of the RVE model under tension 
 
Figure 3-11: Stress-strain data comparison between FEA results and experimental data 
 
Figure 3-12: 2D DIC analysis (left) vs. FEA results (right) 
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3.3.2. RVE under shear loading 
Shear deformation in xz-plane by 5% is applied to the RVE model through the periodic 
boundary condition as illustrated in Figure 3-9. Figure 3-13 shows the deformed 
configuration of the RVE model under shear loading with shear strain distribution mapped 
onto the model. As can be seen in the figure, the matrix is strained much more in the case 
of shear loading than tension. Very high strains are found in the resin rich areas. Since the 
matrix is a softer material than the fiber and weak in shear deformation, the matrix responds 
to the shear loading more easily. Furthermore, since the matrix exhibits nonlinear stress-
strain response, the RVE model also shows non-linear behavior as can be seen in Figure 
3-14. In the figure, the FEA results agree very well with the experimental data taken from 
Figure 2-27. It is noted that shear stress-shear strain data in Figure 3-14 is plotted up to 
𝛾𝛾13 = 10% because damage and failure are observed beyond the strain value as described 
in Sections 2.4.3 and 2.4.4. The present RVE model is developed within the framework of 
continuum mechanics.  
Figure 3-15 shows the DIC analysis results compared with the FEA results in the case 
of the shear loading. As can be seen in the figure, the fabric architecture is clearly observed 
even at very low strain values. This is mainly because the matrix is highly stressed when 
the textile composite is subjected to shear loading. 
 
Figure 3-13: In plane shear strain distribution in RVE under shear loading 
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Figure 3-14: Comparison of FEA results against experimental data 
 
Figure 3-15: 2D DIC analysis (left) vs. FEA results (right) for the shear loading case 
3.4. Application: Prediction of Matrix Properties using an RVE 
Model 
3.4.1. Overview 
In the previous section, just using constituent level properties, the mechanical 
properties of the plain weave textile composite is successfully calculated. However, the 
constituent level properties are not always available, especially for a matrix material that 
is used for an extreme environment. Glass transition temperature of typical polymer epoxy 
materials is around at 80°C. Some thermoset polymer materials such as RTM-370, PMR-
15, J1 are developed to be used for high-temperature environments [16, 17, 36]. The glass 
transition temperature of these materials is around at 350°C. Issues with these materials is 
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that laboratory scale testing on these special polymer materials is almost impossible 
because special processing techniques are required and thus manufacturing cost is very 
high. In addition, since these materials are usually developed for military purposes, basic 
material data is often unavailable. However, using the approaches presented in the previous 
section, it is possible to back out the matrix properties from the mechanical properties of 
composites.  
In the following section, an inverse analysis process is presented using 8-harness satin 
(8HS) T650/PMR-15 composites in the work of Searles et. al. [17]. They performed off-
axis tension tests on the 8HS textile composites, but the matrix properties are not reported 
in their work [17]. It is a good example to demonstrate the inverse analysis to back out 
nonlinear matrix material properties. 
3.4.2. Inverse analysis procedure 
Figure 3-16 shows the steps required for the inverse analysis to back out in situ matrix 
properties. First step is to parameterize the shear stress-shear strain data of the 8HS textile 
composite using the Ramberg-Osgood relationship. Using the relation, the shear stress and 
the shear strain are expressed as 
𝛾𝛾 = 𝛾𝛾elastic + 𝛾𝛾plastic = 𝜏𝜏
𝐺𝐺
+ �𝜏𝜏
𝐴𝐴
�
𝑛𝑛
 
(3-15) 
or using the axial stresses and the axials trains, 
𝜖𝜖 = 𝜖𝜖elastic + 𝜖𝜖plastic = 𝜎𝜎
𝐸𝐸
+ �𝜎𝜎
𝐵𝐵
�
𝑛𝑛
 
(3-16) 
where 𝐺𝐺 is a shear modulus and 𝐸𝐸 is Young’s modulus. 𝐴𝐴, 𝐵𝐵 and 𝑛𝑛 are Ramberg-Osgood 
parameters that are related through 
𝐵𝐵 = 3�0.5+ 12𝑛𝑛�𝐴𝐴 (3-17) 
In the present inverse analysis, initial values of the Ramberg-Osgood parameters for 
the in situ matrix are the same as those of the 8HS composites taken from the off-axis 
tension test results. With the initial values, finite element analysis using the RVE model is 
performed and the shear stress-shear strain results are compared against the experimental 
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data. Depending on the trend of discrepancies between the two data, the Ramberg-Osgood 
parameters of the matrix is adjusted and finite element analysis is performed again. This 
process is carried out iteratively until the RVE model reproduces the experimental data of 
the 8HS composite. This iterative process is illustrated in Figure 3-17. 
 
Figure 3-16: Flow chart for the inverse analysis 
 
Figure 3-17: Inverse analysis process to back out in situ matrix properties 
3.4.3. Results and discussion 
Figure 3-18 shows the RVE model of the 8HS textile composite used for the inverse 
analysis. All the geometrical data needed to create the model are taken from the serial work 
of Kumosa [16, 17]. Table 3-4 summarizes the geometrical parameters used for the RVE 
model. Elastic properties of the fiber and matrix are also obtained from their papers and 
they are listed in Table 3-5. Figure 3-19 shows how the stress-strain response changes as 
the Ramberg-Osgood parameters are changed. The parameters used for the curves in Figure 
3-19 can be found in Table 3-6. Figure 3-20 compares the shear stress-shear strain data 
 37 
resulted from FEA against experimental data. As can be seen in Figure 3-20, the predicted 
shear stress-shear strain response agrees with the test data best when the matrix properties 
of Guess 3 in Figure 3-19 are used. It can be concluded that the matrix properties of PMR-
15 follows the yellow curve in Figure 3-19. Table 3-7 reports the predicted properties of 
the fiber tows in the 8HS textile composite when the in situ matrix properties found from 
the inverse analysis is used. 
 
 𝐭𝐭𝐟𝐟 [mm] 𝐭𝐭𝐟𝐟 [mm] 𝐦𝐦 [mm] 𝐜𝐜 [mm] 𝐋𝐋 [mm] 𝐓𝐓 [mm] 𝐕𝐕𝐟𝐟 [%] 
Measured 1.28 0.16     68 ~ 72 
RVE 1.28 0.17 0.14 0.03 11.36 0.4 74 
Table 3-4: Geometrical parameters of the 8HS composite 
 
 𝐄𝐄𝟏𝟏𝟏𝟏 [𝐆𝐆𝐆𝐆𝐦𝐦] 𝐄𝐄𝟏𝟏𝟏𝟏 [𝐆𝐆𝐆𝐆𝐦𝐦] 𝐆𝐆𝟏𝟏𝟏𝟏 [𝐆𝐆𝐆𝐆𝐦𝐦] 𝐆𝐆𝟏𝟏𝟑𝟑 [𝐆𝐆𝐆𝐆𝐦𝐦] 𝛎𝛎𝟏𝟏𝟏𝟏 𝛎𝛎𝟏𝟏𝟑𝟑 
T650 258.6 40.0 25.0 14.0 0.26 0.25 
PMR-15 3.3 3.3 1.2 1.2 0.36 0.36 
8HS Composites 79.0 79.0 6.0  0.15  
Table 3-5: Material properties of each constituent in the 8HS composite [17] 
 
 Guess 1 Guess 2 Guess 3 
n 2.8 3 3 
A 322.029 219.130 207.127 
B 678.666 455.809 430.842 
Table 3-6: Ramberg-Osgood parameters used in Figure 3-19 
 
 𝐄𝐄𝟏𝟏𝟏𝟏 [𝐆𝐆𝐆𝐆𝐦𝐦] 𝐄𝐄𝟏𝟏𝟏𝟏 [𝐆𝐆𝐆𝐆𝐦𝐦] 𝐆𝐆𝟏𝟏𝟏𝟏 [𝐆𝐆𝐆𝐆𝐦𝐦] 𝐆𝐆𝟏𝟏𝟑𝟑 [𝐆𝐆𝐆𝐆𝐦𝐦] 𝛎𝛎𝟏𝟏𝟏𝟏 𝛎𝛎𝟏𝟏𝟑𝟑 𝝈𝝈�𝟏𝟏𝟏𝟏𝝈𝝈𝟎𝟎  𝝈𝝈�𝟏𝟏𝟏𝟏𝝈𝝈𝟎𝟎  𝝉𝝉�𝟏𝟏𝟏𝟏𝝉𝝉𝟎𝟎  𝝉𝝉�𝟏𝟏𝟑𝟑𝝉𝝉𝟎𝟎  
Tow 212.5 19.9 8.88 6.95 0.274 0.345 1000 1 0.527 0.527 
Table 3-7: Properties of fiber tows in the 8HS composite 
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Figure 3-18: Meso-scale RVE model for the 8HS textile composite 
 
Figure 3-19: In situ matrix response with different Ramberg-Osgood parameters 
 
Figure 3-20: Shear stress-shear stress response using different matrix properties in Figure 3-19 
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CHAPTER 4: Effect of Temperature on the Mechanical Properties 
of Composite Materials 
4.1. Introduction 
Fiber-reinforced polymer matrix composites replace metal materials in various 
industrial applications since they offer excellent mechanical properties with low weight. 
However, the polymer composites are vulnerable to high temperature. Besides, toxic gas 
and heat generated during combustion process exert harmful influences to adjacent 
structures. For this reasons, the use of composite materials is limited in some applications 
in which heating is continuously applied, for example, automotive bonnets heated from an 
engine.  
As temperature increases, the polymer composites experience a significant reduction 
in mechanical properties. This is mainly attributed to 
• Thermal softening and decomposition of the matrix 
• Softening of the fiber reinforcement 
• Weakening the interfacial bond strength between fiber and matrix 
All these damage processes result in early catastrophic failure of an entire structure. In 
order to overcome the deficiency of the composite materials exposed to heat, many 
researches have been performed to increase the resistance of the materials against high 
temperature. The effect of various types of additives on the flammability and mechanical 
behavior of composites were examined and the reduction in mechanical properties as a 
function of temperature was also studied [18-24]. Gibson et. al. [24] and Feih et. al. [25] 
developed models based on classical laminate plate theory to predict the degradation of 
mechanical properties of glass fiber reinforced polymer composites with a variance of 
temperature. 
This chapter examines changes in mechanical properties of the plain weave textile 
composite as temperature varies from the room temperature to the glass transition 
temperature of the matrix. Tension tests are performed at constant temperature within the 
range to observe the degradation of the properties as the function of temperature. Since the 
carbon fiber is melt around at 3500°C and the glass transition temperature of the epoxy is 
83°C, the present study focuses on the reduction of the matrix properties only. Finite 
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element analysis is also performed using the RVE model presented in Chapter 3 to predict 
the reduction in mechanical properties of the textile composite. 
4.2. Experimental analysis 
4.2.1. Overview  
The plain weave textile composite is composed of the carbon fiber and the epoxy matrix. 
The epoxy material is brittle and its glass transition is 83°C measured using a differential 
scanning calorimeter (DSC) as shown in Figure 4-1. Carbon fibers have an excellent heat 
resistance and do not show any noticeable changes in material properties at 83°C. Figure 
4-2 shows the modulus variation of a carbon fiber with different heat treatment condition. 
As can be seen in the figure, it can be assumed that the carbon fiber has no change in 
material properties at the glass transition temperature of the epoxy material. Therefore, the 
present study considers the degradation of the matrix only and the effect of the weakened 
matrix on the mechanical performance of the textile composite is examine here. Reduction 
in the mechanical properties of the textile composite are measured using tension tests with 
0° and 45° orientations at various temperature values. 
 
Figure 4-1: DSC results of the epoxy material 
All the tension tests are carried out using Instron 5582 equipment with a heat chamber 
as shown in Figure 4-3. Temperature is increased through convection and radiation from 
the heat source in the heat chamber. Thermocouple is attached to the specimen to measure 
the temperature on the surface of the specimen. Tension tests are performed when the 
temperatures are at the room temperature, 50°C, 68°C and 83°C. These values correspond 
with 28%, 60%, 80% and 100% of the glass transition temperature of the epoxy, 
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respectively. The test procedure is the same as the protocols described in Sections 2.4.3 
and 2.4.4 and the configuration of the specimens are displayed in Figure 4-4. Strain gages 
are used to measure the strains in the loading direction and the direction transverse to the 
loading direction. For the transverse strain, three strain gages are attached on the back 
surface of the specimen and average values are used to obtain a rational measurement of 
the transverse strain. 
 
Figure 4-2: Modulus variation of a carbon fiber with different heat treatment condition 
 
Figure 4-3: Test apparatus with a heat chamber 
 
Figure 4-4: Specimens with strain gages 
 42 
4.2.2. Tension tests on the virgin matrix   
As can be seen in Figure 4-1, the glass transition temperature of the epoxy is 83°C. In 
order to measure the degraded mechanical properties as temperature increases, tension tests 
are performed at 50°C, 68°C and 83°C. The test results are found in Figure 4-5, Figure 4-6 
and Table 4-1. Figure 4-5 and Figure 4-6 show that the matrix properties are degraded as 
temperature increases. The reduction in mechanical properties is significant at the glass 
transition temperature and the matrix cannot be used for a structure. 
 
Figure 4-5: Stress-strain response of the epoxy with the variance of temperature. 
 
Figure 4-6: Failed epoxy specimens at different temperatures 
 𝐓𝐓𝐰𝐰𝐦𝐦𝐜𝐜. [°𝐂𝐂] 𝐄𝐄𝟏𝟏𝟏𝟏 [𝐆𝐆𝐆𝐆𝐦𝐦] 𝐒𝐒𝐭𝐭𝐝𝐝𝐰𝐰𝐒𝐒𝐦𝐦𝐭𝐭𝐒𝐒 [𝐌𝐌𝐆𝐆𝐦𝐦] Elongation [%] 𝛎𝛎𝟏𝟏𝟏𝟏 
ET-M-R.T. R.T. 2.93 (100%) 65.16 5.62 0.37 
ET-M-60% 50 2.29 (78%) 33.42 2.74 0.39 
ET-M-80% 66 1.17 (40%) 14.57 2.26 0.39 
ET-M-100% 83 0.08 (2.7%) 2.88 1.07 0.34 
Table 4-1: Mechanical properties of the epoxy material at different temperatures 
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The property reduction is mainly due to the thermal decomposition of polymers. As the 
temperature increases, polymers inside the epoxy are thermally decomposed and the 
bonding strength between polymer chains are weakened. This results in the degradation of 
mechanical properties. From the observation of failed specimens in Figure 4-6, as the 
temperature increases, the elongation of the specimens become small and nonlinear 
behavior such as necking almost disappears. This is because the bonding strength is 
weakened because of the thermal decomposition of polymers and thus the fracture comes 
first before the specimen is stretched enough to show the necking phenomena. 
4.2.3. Tension tests on textile composites with 0o orientation   
In order to investigate the degradation of mechanical properties of the plain weave 
textile composite as temperature increases, tension tests are performed at the same 
temperature conditions used for the virgin matrix in Section 4.2.2. Dimensions of the 
specimens are the same as those discussed in Section 2.2 and the test results are shown 
Figure 4-7 and Figure 4-8. As shown in Figure 4-7, since the fiber is aligned with the 
loading direction, at low temperature, fibers carry almost all the load and the stress-strain 
response is quite linear before the specimen fails. However, near the glass transition 
temperature, the stress-strain curve is very different from those at low temperature. 
Stiffness is greatly reduced after the stress is about 180 MPa. This is because of 
delamination resulted from the degradation of the matrix material and load transfer is not 
smoothly occurred between the fiber and matrix. Table 4-1 summarizes the mechanical 
properties measured at different temperatures. 
 
Figure 4-7: Tension test results with a variance of temperature 
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Figure 4-8: Failed specimens in the 0o orientation 
 𝐓𝐓𝐰𝐰𝐦𝐦𝐜𝐜. [°𝐂𝐂] 𝐄𝐄𝟏𝟏𝟏𝟏 [𝐆𝐆𝐆𝐆𝐦𝐦] 𝐒𝐒𝐭𝐭𝐝𝐝𝐰𝐰𝐒𝐒𝐦𝐦𝐭𝐭𝐒𝐒 [𝐌𝐌𝐆𝐆𝐦𝐦] Elongation [%] 𝛎𝛎𝟏𝟏𝟏𝟏 
ET-0deg-R.T. R.T. 58.76 (100%) 456.39 0.78 0.05 
ET-0deg-60% 50 58.08 (99%) 416.27 0.68 0.066 
ET-0deg-80% 66 54.17 (92%) 401.23 0.69 0.097 
ET-0deg-100% 83 48.02 (82%) 380.04 1.07 0.275 
Table 4-2: Mechanical properties measured at different temperature 
4.2.4. Tension tests on textile composites with 45o orientation   
Off-axis tension tests are performed to examine the reduction in shear properties of the 
textile composite. The same approach used in Section 2.4.4 is used to obtain shear stress-
shear strain data. Tests are performed at 50°C, 68°C and 83°C, which is the same thermal 
condition throughout this chapter. Test results are shown in Figure 4-9 and Figure 4-10. In 
the off-axis tension tests, as the load is increased, the matrix undergoes large shear 
deformation and the textile composite exhibits ductile behavior. Since the entire region of 
the specimen experiences large deformation, the strain gages are not enough to capture the 
strain field during the test. Furthermore, DIC analysis is unavailable because of the furnace. 
For these reasons, Figure 4-9 is plotted up to γ12 = 6%. In the off-axis tension test, the 
matrix dominantly influences on the response of the textile composite and thus the 
degradation of the material properties is clearly observed in Figure 4-9 as the temperature 
increases. Figure 4-10 shows the failure pattern at different temperatures. Table 4-3 
summarizes the shear properties at different temperatures. 
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Figure 4-9: Shear response of the textile composite at different temperature 
 
Figure 4-10: Failed specimens with 45o orientation 
 𝐓𝐓𝐰𝐰𝐦𝐦𝐜𝐜. [°𝐂𝐂] 𝐆𝐆𝟏𝟏𝟏𝟏 [𝐆𝐆𝐆𝐆𝐦𝐦] 𝐒𝐒𝐭𝐭𝐝𝐝𝐰𝐰𝐒𝐒𝐦𝐦𝐭𝐭𝐒𝐒 [𝐌𝐌𝐆𝐆𝐦𝐦] Elongation [%] 
ET-45deg-R.T. R.T. 3.32 (100%) 105.24 33.06 
ET-45deg-60% 50 2.88 (87%) 80.01 X 
ET-45deg-80% 66 1.95 (59%) 61.89 X 
ET-45deg-100% 83 0.18 (5.4%) 42.48 X 
Table 4-3: Degraded shear properties as temperature increases 
4.3. Numerical analysis 
In the previous sections, it is observed that the matrix performance is greatly degraded 
as the temperature increases, and it also affects the mechanical performance of the plain 
weave textile composite. It can be concluded that the thermal response of the textile 
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composite is mainly determined by the thermal response of the matrix. In this section, 
numerical analysis is performed to predict mechanical behavior of the textile composite 
using thermally degraded matrix properties. The numerical approach introduced in Chapter 
3 is utilized here. Firstly, using the fiber/matrix micromechanics model with the thermally 
degraded matrix properties, effective material properties of the fiber tow are first computed. 
Matrix properties at different temperatures are found in Table 4-1. With these values, the 
effective stiffness values found from the fiber/mechanics model are listed in Table 4-4. 
Then, the RVE model is used to predict thermally degraded properties of the textile 
composite. Results from the numerical analysis are compared against experimental data 
reported in Sections 4.2.3 and 4.2.4. The comparisons are plotted in Figure 4-11, Figure 
4-12, and Figure 4-13. As can be seen in Figure 4-11 and Figure 4-12, degraded elastic 
properties are accurately predicted from the present numerical approach. 
Unlike Figure 4-12, Figure 4-13 shows FEA results accounting for nonlinear behavior 
of the matrix. As the temperature increases, the numerical approach is somewhat inaccurate 
in the nonlinear regions mainly due to the thermal degradation of the matrix properties. 
The present numerical approach assumes that each constituent are perfectly bonded with 
each other. However, as the temperature increases, interfacial bonding between the fibers 
and matrix are gradually weakened because the polymer chains inside the matrix material 
undergoes decomposition and, as a result, bonding forces are degraded. Therefore, it is 
noted that the present approach is still valid in the elastic region even at elevated 
temperatures, but has some limitations in predicting the nonlinear behavior of the textile 
composite as temperature increases. 
 
Figure 4-11: Comparison between FEA and test data 
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Figure 4-12: Comparison of shear modulus between FEA and test data 
 
Figure 4-13: Comparison of shear response between FEA and test data 
 Temp. [%] 𝐄𝐄𝟏𝟏𝟏𝟏 [𝐆𝐆𝐆𝐆𝐦𝐦] 𝐄𝐄𝟏𝟏𝟏𝟏 [𝐆𝐆𝐆𝐆𝐦𝐦] 𝐆𝐆𝟏𝟏𝟏𝟏 [𝐆𝐆𝐆𝐆𝐦𝐦] 𝐆𝐆𝟏𝟏𝟑𝟑 [𝐆𝐆𝐆𝐆𝐦𝐦] 𝛎𝛎𝟏𝟏𝟏𝟏 𝛎𝛎𝟏𝟏𝟑𝟑 
Tow R.T. 212.5 19.9 8.88 6.95 0.274 0.345 
 50 180.72 9.49 5.10 3.46 0.23 0.37 
 66 180.51 7.28 3.37 2.64 0.23 0.37 
 83 180.30 0.96 0.35 0.37 0.22 0.31 
Table 4-4: Fiber tow properties at different temperatures 
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CHAPTER 5: Conclusion 
5.1. Conclusion 
 The present study utilizes various approaches including manufacturing textile 
composites, mechanical testing and numerical analysis to examine the nonlinear behavior 
of the plain weave textile composite at room temperature and thermally degraded 
mechanical properties of the composite materials. 
Textile composites exhibits nonlinear behavior due the complex fabric architecture and 
the elasto-plastic property of the matrix. Therefore, experiments have been performed to 
observe the nonlinear behavior and numerical analysis is employed to simulation the 
nonlinear response of the composite material. 
VARTM process is utilized to manufacture composite panels to make specimens for 
mechanical testing. At room temperature, tension test with 0o and 45o orientations are 
carried out to obtain elastic properties of the epoxy and textile composite and to observe 
nonlinear response of the materials. In addition, tension tests with different temperatures 
show thermally degraded mechanical properties of the matrix and the composite materials. 
The carbon fiber used for a reinforcement is extremely resistant to heat compared to the 
epoxy. However, the epoxy polymer is a thermoset resin, which is very weak to heat. It is 
experimentally observed that, as temperature increases, mechanical properties of the textile 
composite are greatly reduced. This is mainly due to the disconnection between polymer 
chains at high temperature. 
Thermo-mechanical behavior of the textile composite is also examined using numerical 
analysis. Micro-scale and meso-scale model are developed to study the different behavior 
of the textile composite at multiple length scales. Although the fiber tow is composed of 
thousands of fibers, its behavior is highly nonlinear in some directions due to the 
impregnated resin material. Therefore, using the micromechanics model, effective 
nonlinear properties of homogenized fiber tows are computed. Meso-scale model is 
developed at a fabric level. Through a representative volume element (RVE) model, the 
behavior of the textile composite is simulated and the results are compared against 
experimental data Section 2.4.4. 
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5.2. Novelty and contribution 
This present study characterizes nonlinear behavior of textile composite using the 
numerical analysis model. Nonlinear behavior of the composite is mainly due to matrix, 
however fiber tow inside the composite exhibits nonlinear behavior and degrades in 
mechanical properties because of matrix binding fiber filaments together. Therefore, to 
obtain exact solution, fiber tow must be modeled as bundle of lots of filaments, but it is 
difficult to implement each constituent in the simulation. To overcome this issue, we 
develop ‘Two-step multi-scale model’ which is composed of micro-scale model and meso-
scale model. Micro-scale model is used to predict fiber tow’s directionally dependent 
properties and nonlinear properties considering the presence of matrix. Meso-scale model 
is used to predict and characterize mechanical response of the textile composites. 
Characterizing the textile composite is more difficult than uni-directional composite 
because there exist too many parameters for the determination of mechanical properties of 
textile composites; fiber architecture, volume fraction, each constituent’s properties and so 
on. This study considers numerous parameters causing the nonlinear behavior of the textile 
composite and the analysis results of the two-step multi-scale model are fairly well matched 
against the experimental data. This model has accuracy enough to utilize in various 
industry fields, therefore it is expected to predict and characterize nonlinear mechanical 
behavior of the textile composite a priori, resulting optimization in the structure and 
reduction in costs. 
5.3. Future works 
The present numerical approach has been validated through the comparison of the 
numerical results against experimental data. As discussed in Section 2.4.4, the present 
numerical model is valid before any failure is initiated in the matrix. This is because the 
present model is developed in the framework of continuum mechanics. Therefore, in order 
to extend the scope of the present numerical model, it is required to employ continuum 
damage mechanics. 
Polymer matrix composites is composed of fibers and a matrix. Typically, mechanical 
properties of fibers are superior to those of a matrix. Thermally degraded material 
properties of the textile composites are mainly attributed to the matrix. Therefore, the 
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thermo-mechanical behavior of the epoxy should be more carefully investigated from 
various perspectives. Molecular dynamics model is a good candidate to study thermos-
mechanical behavior of the epoxy material subjected to thermal and mechanical loading 
simultaneously. 
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